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Majority of the highways and paved roads in the United States use asphalt concrete (AC) as a 
surface layer. However, the performance of this material is adversely affected by cracking. 
Several tests were developed to predict AC susceptibility to cracking. The Illinois Flexibility 
Index Test (I-FIT) is a simple, rapid, repeatable, and cost-effective test used to assess the 
cracking potential of AC. The test is performed at 25°C and 50mm/min loading rate. The main 
resultant parameter of the test is flexibility index (FI). A high FI generally implies better 
resistance to cracking. Asphalt concrete’s binder impacts FI results. Soft binders, such as PG 58-
28, yield relatively higher FI values compared to similar AC containing stiffer binder (e.g. PG 
70-22). Illinois Department of Transportation (IDOT) established a single FI threshold of eight 
for all unaged AC mixes. In addition, IDOT proposes an FI threshold of four for long-term aged 
specimens. Several AC mixes met the unaged threshold but failed the criterion for long-term 
aging condition and vice versa.   
The goal of this thesis is to minimize impact of binder grade on FI results. To isolate the impact 
of binder grade on FI values, for both unaged and long-term aged specimens, ensure testing of 
AC with various binders at equivalent stiffness (equi-stiffness), the same secant modulus. The 
secant modulus is defined herein as the ratio of 50% of the peak load to its corresponding 
displacement. Two approaches, using various test temperatures or loading rates, were 
investigated. Five laboratory-designed AC mixes containing various binder grades (PG 52-40, 
PG 58-34, PG 64-22, PG 70-22, and PG 76-22) were tested. The AC mixes have the same 
aggregate type and gradation, as well as binder content to isolate the effect of binder grade on I-
FIT results. The AC mix with PG 64-22 was selected as the control mix.   
When testing was performed at the same secant modulus for the five AC mixes, by varying 
loading rate, the resultant FIs were more consistent than when temperature varied. In addition, 
the variation in FI values increased with aging AC specimens for three days at 95°C using a 
forced-draft oven. In addition to identifying an FI threshold that corresponds to a geographic 
location (based on binder grade used), the proposed approach would better correlate unaged and 
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CHAPTER 1: INTRODUCTION  
1.1 BACKGROUND 
According to the Federal Highway Administration (FHWA), 94% of the nation’s 2.7 million 
miles of paved roads and highways are surfaced with asphalt materials (FHWA 2015). These 
include full depth asphalt, conventional asphalt, and concrete pavements with asphalt overlays. 
In addition, a total of about 400 million tons of asphalt pavement material worth more than $30 
billion was produced in 2017 (NAPA 2018). It is, therefore, crucial that this widely used paving 
material performs satisfactorily during its intended service life. However, distresses such as 
cracking, which constitutes six of the 15 common asphalt concrete (AC) distresses listed in the 
FHWA distress identification manual (Miller and Bellinger 2014), impact AC pavement 
performance, ride quality, and require costly maintenance or rehabilitation. 
Cracking manifests on the surface in the form of fatigue, reflective, longitudinal, as well as 
thermal cracking. This distress is believed to have increased with the adoption of Superpave mix 
design which led to dry mixes that were resistant to rutting, but more susceptible to cracking. In 
addition, the use of recycled materials such as reclaimed asphalt pavement (RAP) and recycled 
asphalt shingles (RAS) exacerbated the problem and led to brittle mixes that were more prone to 
cracking (Braham and Underwood 2016).  
Several laboratory tests were developed to evaluate the cracking susceptibility of AC by 
characterizing its fracture and fatigue resistance. These include dissipated creep strain energy 
(DCSE), four-point bending fatigue, disk-shaped compact tension (DCT), Texas overlay tester 
(OT), and semi-circular bend (SCB) geometry tests (Elseifi et al., 2012). The Illinois Flexibility 
Index Test (I-FIT) uses the SCB geometry and is a simple, cost effective, repeatable, and easy to 
implement test to determine the cracking potential of AC at intermediate temperatures (Ozer et 
al., 2016). Flexibility index (FI) is the main output of the I-FIT and is based on the fracture 
energy (FE) and post peak slope of an AC mixture.  
Recently, the Illinois Department of Transportation (IDOT) adopted a minimum FI of 8 for AC 
mixture approval (IDOT 2018a), yet a variety of asphalt binder grades ranging from PG 58-28 to 
PG 76-22 are used on surface courses in the state based on the project location and traffic speed 
(IDOT 2017). However, due to the viscoelastic nature of AC, the 25°C and 50mm/min loading 
rate used in the I-FIT yields dissimilar FI values due to the differences in asphalt binder 
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stiffnesses. Mixes with softer binders such as PG 58-28 give greater FIs that can easily satisfy 
the IDOT threshold unlike their counterparts with similar mix characteristics but containing 
stiffer binders like PG 70-22. 
Several researchers investigated the impact of temperature and loading rates on the FI during the 
development of the test and selected the current test conditions (25°C and 50mm/min) because it 
resulted in clearer distinction between AC mixtures in Illinois (Doll et al., 2017; Ozer et al., 
2018; Al-Qadi et al., 2015). Likewise, states such as Wisconsin evaluated the I-FIT and 
recommended establishing field calibrated thresholds based on their mixes (Ling et al., 2017), 
while others investigated changing test temperature and/or loading rate to best discriminate 
cracking potential of mixes in Pennsylvania (Solaimanian 2018) and in New Hampshire (Haslett 
2018). However, no studies were conducted to solely account for the differences in AC stiffness 
due to the many binder grades used and thus minimize their impact on the test results. In 
addition, there is no guidance on how to establish FI thresholds for the different binder grades.  
This study investigated the effect of two equivalent stiffness (equi-stiffness) testing approaches 
on FI thresholds. Temperature and loading rate were modified separately to evaluate AC 
cracking potential using the I-FIT.  
1.2 PROBLEM STATEMENT 
Current I-FIT testing at 25°C and 50mm/min does not account for binder stiffness and thus 
yields varying FIs for AC mixes with different binder grades. This pauses a challenge for states 
use different binders at different environmental locations. Some researchers are trying to modify 
the test to better suit mixes in their regions by either changing the FI threshold to a new single 
value or by adjusting the test temperature and/or loading rate to a single combination that is 
supposed to better discriminate the performance of their AC mixes. This study explored 
modifying the temperature and loading rates separately based on the stiffness of a binder and 
establish an equi-stiffness evaluation of AC mixtures that will minimize the impact of binder 
grades on the test results. This allows the establishment of FI thresholds that correspond to 
various environments.  
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1.3 RESEARCH OBJECTIVES AND SCOPE 
The main objective of this study is to establish a baseline for setting FI thresholds through equi-
stiffness evaluation of the cracking resistance of AC mixtures at intermediate temperatures and 
includes the following: 
• Isolate the influence of binder performance grade (PG) on I-FIT results 
• Select a reference test stiffness 
• Establish two baseline equi-stiffness approaches using temperature and loading rate for 
unaged specimens 
• Conduct long-term aging of AC specimens using protocol developed in R27-175 project 
at the Illinois Center for Transportation (ICT) 
• Select an appropriate equi-stiffness approach for long-term aged specimens and develop 
test parameters to maintain the same stiffness as for the unaged specimens 
The scope of the experimental program included characterization of five laboratory designed AC 
mixes with the same aggregate skeleton, but with different PG grades commonly used in the 
United States and Canada. Current I-FIT procedure (AASTO TP-24) was used to provide 
baseline results. Frequency sweep testing of the asphalt binder was performed to obtain complex 
modulus master curves and initial temperatures used in establishing equi-stiffness testing of 
unaged AC specimens. Likewise, equi-stiffness loading rates were developed for both unaged 
and long-term aged AC specimens.  
1.4 RESEARCH IMPACT 
The study accounted for the binder stiffness in evaluating the cracking potential of AC mixes 
which would enhance performance distinctions by eliminating the confounding effects of binder 
grades. Similarly, an equi-stiffness approach would make it easier for states, provinces, and 
agencies to establish FI thresholds based on binder grades or even adopt the test. Likewise, equi-
stiffness testing improves the understanding of FI decay with aging and enables the development 
of better deterioration models. Finally, equi-stiffness testing of both unaged and long-term aged 
AC specimens using the I-FIT may be incorporated into AC balanced mix design. This provides 
a vital link to pavement design that considers AC modulus and aging for cracking 
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1.5 THESIS ORGANIZATION 
This thesis consists of seven chapters. Chapter 2 summarizes the literature on conventional AC 
cracking tests while chapter 3 discusses the five AC mixes and their constituent materials. 
Chapter 4 presents the baseline I-FIT results and chapter 5 establishes the equi-stiffness testing 
of AC. Likewise, chapter 6 describes equi-stiffness evaluation of long-term aged specimens. 





















CHAPTER 2: LITERATURE REVIEW 
This chapter discusses cracking of AC and the fracture-based tests used to evaluate AC mixture 
resistance against it. In addition, viscoelastic characterization of binders and the impact of aging 
on AC stiffness as well as on AC mixture cracking potential is presented. Finally, an equi-
stiffness testing approach is introduced.  
2.1 CRACKING OF AC 
Cracking is a major distress that affects the structural and functional performance of AC 
pavements. It is broadly categorized as either load or non-load associated. Fatigue and reflective 
cracking are examples of the former while block and thermal cracking are examples of the latter. 
Fatigue cracking, whether near surface, bottom up, or top down, is due to repeated loads that 
cause incremental damage which over time accumulates into a macro crack. Reflective cracking 
on the other hand, results from an existing flaw in the underlying layers that propagates up 
through a newly placed AC layer (Braham and Underwood 2016). Thermal cracking develops 
when the AC pavement is subjected to low temperatures that approach the limiting stiffness of 
the asphalt binder while block cracking occurs as the asphalt pavement ages and loses durability 
(Anderson et al., 2011). Cracks initiate and propagate because of changes in the stress state of 
the material. Hence, material properties are critical in determining the resistance of pavements to 
different modes of cracking (Ozer et al., 2018). Modulus and fracture are considered the two 
most critical material characteristics that influence crack imitation and propagation.  
2.2 FRACTURE RESISTANCE OF AC 
Several laboratory tests were developed to determine the fracture properties of AC. The Indirect 
Tension Test (IDT) was used to determine the DCSE and FE limits to describe fatigue cracking 
of AC at a single temperature of 10°C (Roque et al., 2002). Likewise, the DCT was used to 
determine FE of AC at three temperatures (-20°C, -10°C, and 0°C) and four loading rates (10, 5, 
1, 0.1mm/min) (Wagoner et al., 2005). The results indicated that an increase in temperature 
would result in an increase in FE because the material becomes more ductile and the crack 
travels a longer path (around the aggregates). In contrast, the FE decreased with an increase in 
loading rate. Similarly, FE was higher for AC with PG 58-22 when compared to an AC mix with 
PG 64-22 indicating the influence of binder grade on fracture properties of AC at low 
temperatures.   
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The SCB geometry has been favored by many researchers to determine the fracture properties of 
AC at low and intermediate temperatures due to the ease of specimen fabrication from both 
gyratory compacted samples and field cores, rapid test duration, as well as repeatable results 
(Marasteanu et al., 2004; Elseifi et al., 2012; Al-Qadi et al., 2015). Marasteanu et al. (2004) 
determined the FE for three AC mixes with the same aggregate structure but different binder 
grades (PG 58-28, PG 58-34, and PG 58-40) at three low temperatures (-20°C, -30°C, and -40°C) 
and at a single loading rate of 0.005mm/s. The FE increased with an increase in test temperature. 
In addition, PG 58-40 yielded the highest FE at -30°C and -20°C, while PG 58-28 had lowest 
results at all considered temperatures.  
Due to the viscoelastic nature of AC, I-FIT tests were conducted at various loading rates and 
temperatures and 50mm/min at 25°C was selected as an optimized condition (Al-Qadi et al., 
2015; Rivera-Perez et al., 2019). The impact of temperature was opposite to that of the loading 
rate. The study showed that the use of a softer binder (PG 58-28) in lieu of PG 70-22 increased 
the FI for AC mixes containing the same asphalt binder replacement (ABR) of 30%, showing the 
impact of binder grade on I-FIT results (Ozer et al., 2016).  
2.3 VISCOELASTIC CHARACTERIZATION OF BINDERS  
Stress-strain behavior is important in assessing the performance of viscoelastic materials such as 
asphalt binders, which exhibit aspects of both elastic and viscous behavior, and are described 
using test methods and analytical techniques that account for the time (or rate) of loading as well 
as the temperature in the linear viscoelastic region (LVE). The deformation in the LVE at any 
time and temperature is directly proportional to the applied load thus resulting in a modulus that 
is independent of stress or strain (Anderson et al., 1994). Transient methods such as creep 
loading and dynamic (oscillatory) methods can be used to measure loading-time dependency. 
The latter is preferred because it covers a wide range of frequencies in a relatively short testing 
time to give a wide range of properties (Bahia and Anderson 1995). In dynamic tests, sinusoidal 
strain (or stress) is applied and the resulting sinusoidal stress (or strain) is measured. The 
complex modulus is then calculated using Equation 1 and is an indicator of the resistance of an 
asphalt binder to deformation under a given set of loading conditions. 
𝐺𝐺∗(𝜔𝜔) =  |𝜏𝜏(𝜔𝜔)|
|𝛾𝛾(𝜔𝜔)|




 𝐺𝐺∗(𝜔𝜔) is complex shear modulus at 𝜔𝜔 frequency, Pa; 
  |𝜏𝜏(𝜔𝜔)|is absolute value of the maximum dynamic shear stress response, Pa; and 
  |𝛾𝛾(𝜔𝜔)|is absolute value of the maximum applied dynamic shear strain, m/m   
In addition, the phase angle (δ) which is the lag between the applied strain (stress) and the stress 
(strain) response is used to describe the viscoelastic materials. This angle is equal to 0 degrees 
for purely elastic materials and 90 degrees for purely viscous materials.  
A primary analytical technique used in research to analyze complex modulus data involves the 
generation of master curves using the time-temperature superposition principle which is 
applicable in the LVE range. Complex modulus and phase angle data are obtained from the 
dynamic shear rheometer (DSR) over a limited range of frequencies and temperatures. A 
reference temperature is then selected, and all the data is shifted horizontally with respect to time 
until the curves merge into a single smooth function (Anderson et al., 1994).  
Complex modulus increases with an increase in binder grade, aging, and use of recycled binder 
from RAP or RAS (Booshehrian et al., 2013; Sharma et al., 2017). Mogawer et al. (2016) 
evaluated different binder grades and noted that PG 76-22 had a lower crossover frequency (ωc) 
when compared to PG 64-22 thus indicating increased hardness. Similarly, the rheological index 
(R) was higher for the former as opposed to the latter indicating a more gradual transition from 
elastic behavior to steady-state flow. Likewise, increase in binder aging yields a similar effect, as 
in the case of using pressure aging vessel (PAV) and rolling thin film oven test (RTFO). Use of 
recovered binders from RAP also produces alike results with the impact depending on the ABR 
and stiffness of the added binder. 
2.4 ASPHALT MIXTURE AGING 
Aging results in stiffer and more brittle asphalt binders which lead to pavement cracking (Bahia 
and Anderson 1995, Bell et al., 1994; Harrigan 2007) and is considered in the grading of asphalt 
binders per AASHTO M320 using the RTFO and the PAV to simulate short-term and long-term 
field aging, respectively. Likewise, Strategic Highway Research program (SHRP) proposed 
loose mix aging in a forced draft oven for 4hrs at 135ºC to simulate short-term field aging and 
5days at 85°C or 2days at 100°C to simulate long-term in situ aging (Harrigan 1994). AASHTO 
R30 involves short-term aging of loose mix for 4hrs at 135ºC in a forced draft oven after which 
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compacted specimens are aged at 85°C for 5days to simulate 5 to 7years of field aging (Harrigan 
2007).  
Kim et al. (2017) noted the limitations of AASHTO R30, which include an aging gradient from 
the specimen center to the periphery and specimen distortion. Aging of loose AC mixes at 95°C 
in a forced draft oven was instead proposed and the aging time determined from duration maps 
that represent 4, 8, and 16years of field aging at depths of 6mm, 20mm, and 50mm below the 
pavement surface. Al-Qadi et al. (2019) recently developed a long-term aging protocol that uses 
I-FIT specimens aged for 3days at 95°C in a forced draft oven. Advantages of this approach 
include reduced operator variability compared to loose AC mix aging, preserved specimen 
integrity, and shorter duration which is practical for quality control/quality assurance (QC/QA). 
Furthermore, the protocol combines aging with a simple, repeatable, and reliable cracking test. 
Aging decreases the FE, significantly increases the post peak slope, and results in lower FI (Al 
Qadi et al., 2015; Al-Qadi et al., 2019).  
2.5 EQUI-STIFFNESS TESTING OF AC  
The Superpave binder specification is based on climatic conditions; the criteria that a binder 
must meet do not change, but the temperature at which the property is measured depends on the 
specific field climate and on the failure mode being considered (Bahia and Anderson 1993). 
Thermal cracking for instance occurs when the pavement temperature drops to a limiting 
stiffness temperature and the binder is slow to relax the stresses. A limiting creep stiffness of 300 
MPa and m-value of 0.30 are used in the bending beam rheometer (BBR) to determine the low 
PG grade of all binders and is thus referred to as an equi-stiffness temperature approach 
(Anderson et al., 2001). Planche et al. (2004) determined fatigue response of binders by 
conducting tests at equi-stiffness temperatures that generated two sets of modulus vs number of 
cycle curves in which the complex moduli were equal to 45 MPa and 5 MPa. The rationale was 
to eliminate the confounding effect of the initial binder stiffness on the failure mode. Santagata et 
al. (2009) tested six binders at equi-stiffness temperatures and at the same stress level to isolate 
the influence of binder chemistry and structure on their fatigue damage and healing behavior; 
thus excluding effects caused by binder stiffness. 
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CHAPTER 3: RESEARCH METHODOLOGY 
Laboratory-designed AC mixes were used in this study with constituent materials and mixture 
properties discussed below. 
3.1 COMPOSITION OF ASPHALT MIXTURE  
This section discusses the various aggregates and binders used for the laboratory mixes. 
3.1.1 Aggregates 
A single aggregate skeleton (blend) was used for the project with individual stockpile properties 
shown in Table 3.1. 
Table 3.1. Properties of the Aggregates 
Gradation Type Coarse Coarse Fine Fine Fine Fine 
Producer name Vulcan Material Service Vulcan Scharf Livingston 
Open 
Roads 
Plant location Kankakee Fairmount Kankakee Heyworth Ocoya Urbana 
Source no. 50912-02 51832-01 50912-02 51130-06 51052-04 6437-04 
Material ID 022CM16 022CM16 028FM20 027FM02 MFM01 017CM13 
Aggregate Type Limestone Dolomite Limestone Natural sand Mineral Filler FRAP 
Gsb 2.602 2.607 2.602 2.553 2.800 2.500 
Absorption (%) 2.7 1.6 2.8 2.2 1.0 1.0 
The aggregate details in Table 3.1 were obtained from the Illinois Department of 
Transportation’s (IDOT) specific gravity list for aggregates produced in the state (IDOT 2018b). 
The coarse aggregates had a 9.5 mm nominal maximum aggregate size (NMAS) while the fine 
aggregates had a 4.75 mm NMAS except the mineral filler. In addition, all the aggregates other 
than the natural sand were crushed. The combined blend gradation is shown in Figure 3.1. The 
percentage passing the primary control sieve, which is calculated as 0.22 x NMAS, was 36.6 
while that passing the No. 200 sieve was 5.3.  
3.1.2 Asphalt Binders 
Five asphalt binders were used in this study and their characteristics per AASHTO M320 are 
shown in Table 3.2. All the binders were polymer modified with the exception of PG 58-34 and 




Figure 3.1. Aggregate Blend Gradation.  
Table 3.2. Properties of the Asphalt Binders 
Binder   52-40  58-34  64-22  70-22  76-22 
Vicosity at 135°C (Pas) 0.19 0.28 0.39 0.90 1.23 
 G*/sinδ 
(kPa)  
Original 1.49 1.22 1.32 1.49 1.2 
RTFO 3.67 3.76 3.26 3.61 2.86 
High temp true grade 56.6 60.6 66 74.1 77.9 
G*sinδ (kPa) PAV 2296 3651 4313 2903 4324 
Mass Loss (%) -0.861 -0.993 -0.315 -0.063 -0.153 
BBR Stiffness (MPa) 227 261 200 186 183 
BBR m-value 0.322 0.314 0.304 0.3 0.328 
Low temp true grade -41.2 -34.8 -22.3 -22 -25.3 
ΔTc -0.2 0.1 -3.1 -3.3 -0.5 
PG  52-40 58-34 64-22 70-22 76-22 
True grade 56.6-41.2 60.6-34.8 66.0-22.3 74.1-22 77.9-25.3 
3.2 ASPHALT MIXTURE VOLUMETRICS 
Five laboratory-designed AC mixes were prepared using the same aggregate blend, but different 
binders. The volumetric properties of the AC mixes per AASHTO M323 are summarized in 
Table 3.3. The mixing and compaction temperatures for PG 52-40 and PG 58-34 were obtained 































































The five mixes were designed at 70 gyrations to attain the target 4.0±0.5% air voids. In addition, 
14% RAP with an ABR of 10.1%. This isless than 20% and thus does not require bumping down 
of both the high and low grade of its virgin binder (IDOT 2018c). Likewise, the same binder 
content of 6.6% by weight of the AC mix was used for all the five mixes. The elevated asphalt 
content was selected to overcome the high absorption (Pba) of the aggregates and thus accentuate 
the impact of binder grade on I-FIT results. The mix with PG 52-40 had the highest effective 
asphalt content (Pbe) of 5.12% and subsequently the lowest air voids at 3.5%, while PG 64-22 
mix had the lowest Pbe of 4.84% and therefore the highest air void content of 4.2%.  
3.3 TESTING PROGRAM  
Superpave gyratory compacted (SGC) specimens of 160mm heights were prepared for each AC 
mix with desired air void range of 7.0±0.5% for I-FIT testing. The specimens were tested within 
a week of fabrication to minimize impacts of shelf aging (Al-Qadi et al., 2019). Baseline I-FIT 
testing was performed first followed by binder complex modulus testing to obtain temperatures 
for equi-stiffness testing. Similarly, testing of the mixes at different loading rates was then 
completed. In addition, new loading rates were developed for oven aged specimens. 
Table 3.3. Volumetrics of the Asphalt Mixtures 
PG 52-40  58-34  64-22  70-22  76-22 
Mixing (°C) 150 150 150 163 163 
Compaction (°C) 135 135 146 152 152 
AC (%) 6.6 6.6 6.6 6.6 6.6 
Gsb 2.585 2.585 2.585 2.585 2.585 
Gmm 2.433 2.444 2.449 2.444 2.44 
Gmb 2.348 2.352 2.346 2.353 2.349 
VMA 15.2 15.0 15.2 15.0 15.1 
VFA 77.0 74.8 72.4 75.1 75.3 
Dust Ratio 1.00 1.04 1.05 1.04 1.02 
Gse 2.692 2.707 2.713 2.707 2.701 
Pba (%) 1.59 1.80 1.89 1.79 1.72 
Pbe (%) 5.12 4.92 4.84 4.92 4.99 





CHAPTER 4: BASELINE I-FIT RESULTS FOR UNAGED SPECIMENS 
This chapter discusses I-FIT results obtained at 25°C and 50mm/min for the five AC mixes. 
4.1 CONVENTIONAL I-FIT RESULTS 
The I-FIT is a monotonic, mode I fracture test that is practical for asphalt mixture quality 
control/assurance. The test was performed in accordance with AASHTO TP 124 using SGC pills 
that were sawn to obtain semi-circular specimens of 150 ± 1mm diameter and 50 ± 1mm 
thickness. In addition, a 15.0 ± 1.0mm deep notch was cut at the center of the flat rectangular 
surface. The specimens were then conditioned for 2hrs in a water bath at 25°C. An Interlaken 
servo-hydraulic loading frame applied a constant load line displacement (LLD) rate of 
50mm/min throughout the test. The load and LLD data were used to calculate the work of 
fracture, which is the area under the load vs displacement curves, as follows: 
Work of Fracture:  
𝑊𝑊𝑓𝑓 = ∫ 𝑃𝑃 𝑑𝑑𝑑𝑑
𝑢𝑢𝑓𝑓
0  (Joules)                                                     (4.1) 
where, 
P is load; and  
            u is displacement and 𝑑𝑑𝑓𝑓is the final LLD at the end of the test. 
In addition, the fracture energy, which is the energy required to create a unit surface area of a 
crack, was computed using the expression below: 




𝑋𝑋 106    �𝐽𝐽𝐽𝐽𝑢𝑢𝑙𝑙𝑙𝑙𝐽𝐽
𝑙𝑙2
�                                         (4.2) 
where,  
                  Wf is work of fracture; and  
     Gf is fracture energy.   
Likewise, the strength is computed as follows: 
Strength:  
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ =  𝑃𝑃
2𝐶𝐶𝑙𝑙
  (GPa)                                                     (4.3) 
where, 
r is radius (ligament + 15); and  
t is thickness. 
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Finally, the flexibility index (FI) was obtained using Equation 4.3: 
𝐹𝐹𝐹𝐹 = 𝐺𝐺𝑓𝑓
𝑙𝑙
𝑋𝑋 𝐴𝐴       (4.4) 
where, 
  m is post peak slope and A is a calibration coefficient (0.01).  
Figure 4.1 shows load against LLD curves for the five AC mixes. PG 52-40 mix had both the 
lowest peak load and the smallest area under the curve while PG 76-22 mix had the opposite.  
 
Figure 4.1. Load vs LLD Curves for the Five Mixes 
The distinct shapes of the curves indicate varying test results for the AC mixes which are shown 
in Figure 4.2. The error bars represent 1 standard deviation. The FE, strength, and peak load 
increased with an increase in binder stiffness (PG grade). Likewise, the post peak slope and the 
secant modulus, which is calculated as the ratio of 50% of the peak load to its corresponding 
displacement, followed a similar trend except for PG 76-22 which had lower values than PG 70-
22. In contrast, the FI decreased with an increase in binder grade except for PG 76-22.  
4.2 SUMMARY 
I-FIT test results of unaged specimens at 25°C and 50mm/min provide a baseline for the five AC 
mixes. The test yields considerably lower FE and significantly higher FI values for softer binders 
(PG 52-40 and PG 58-34) than the stiffer binders (PG 64-22, PG 70-22 and PG 76-22). 
Consequently, binder grades confound comparison of the cracking potential of AC mixes with 





















Figure 4.2. Average Baseline I-FIT Results for the AC Mixes: a) FE; b) Strength; c) Post 












































































































































a)                                      b) 
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15 
 
CHAPTER 5: DEVELOPING EQUI-STIFFNESS I-FIT PROCEDURES 
The stiffness of AC changes with frequency of loading and/or temperature because of its 
viscoelastic nature. I-FIT testing AC mixes at 25°C and 50mm/min yields different FI when the 
binder grade is different because of the variation in binder stiffness. The AC mixes, tested in this 
study, had the same aggregate skeleton and binder content. Changing the AC’s FI threshold 
based on binder’s grade could be a practical solution to this challenge; especially for QC/QA. 
There are two approaches that can be used to achieve this goal:  1) Changing the I-FIT test 
temperature based on the binder modulus while maintaining the 50mm/min loading rate; 2) 
changing the loading rate and retaining the 25°C test temperature. Both approaches yield equi-
stiffness I-FIT results.  
5.1 TEMPERATURE BASED EQUI-STIFFNESS APPROACH 
This section discusses the use of temperature in establishing equi-stiffness I-FIT results for the 
five AC mixes. 
5.1.1 Binder Complex Modulus Results 
Due to the absence of a direct relationship between the frequency of cyclic loading in the 
dynamic shear rheometer (DSR) and the loading rate of the monotonic I-FIT, a choice to perform 
binder complex modulus tests in lieu of testing AC mixtures was done. Binder modulus testing is 
faster and easier to run compared to that of a mixture which might be useful in quality control 
(QC) or quality assurance (QA). RTFO aged binders were prepared for testing to represent short-
term aging that AC mixtures undergo during mixing and compaction. Frequency sweep was 
conducted for each binder from 45°C to 5°C using a Malvern Instruments DSR. Complex 
modulus values were obtained for each temperature at 25 frequencies ranging from 125.7rad/s to 
0.628rad/s. The diameter of the parallel plates was selected based on the binder stiffness. Eight 
millimeter plates are used when the complex modulus values range between 1x105 to 1x107 Pa 
and the 25 mm plates are used for complex modulus values between 1x103 and 1x105 Pa 
(Anderson et al., 1994). Two replicates of each binder were tested and strains at each 
temperature maintained at levels that ensured the binders were in the linear viscoelastic (LVE) 
range. The modulus in the LVE is independent of stress or strain (Anderson et al., 1994). Table 
5.1 shows the frequency sweep parameters for the binders. The highlighted portion corresponds 
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to strain levels for each binder obtained using the 25-mm parallel plates. The maximum strain 
level was 1%. 
Table 5.1. Binder Parameters from the Frequency Sweep Test 
Temperature °C 5 15 25 35 45 
Frequencies (rad/s) 
125.7 99.85 79.31 63 50.04 
39.75 31.57 25.08 19.92 15.82 
12.57 9.985 7.931 6.3 5.004 
3.975 3.157 2.508 1.992 1.582 
1.257 0.9985 0.7931 0.63 0.6283 
Strain % 
PG 52-40 0.4 0.8 1.0 1.0 1.0 
PG 58-34 0.2 0.4 1.0 1.0 1.0 
PG 64-22 0.2 0.2 0.3 0.8 1.0 
PG 70-22 0.2 0.2 0.3 0.6 1.0 
PG 76-22 0.2 0.2 0.4 0.8 1.0 
Partial master curves were constructed for each binder using the Christensen and Anderson (CA) 
model (Christensen and Anderson, 1992) shown in Equation 5.1.  








                                             (5.1) 
where,  
  𝐺𝐺∗(𝜔𝜔) is complex shear modulus; 
  𝐺𝐺𝑙𝑙 is glass modulus (assumed 1GPa); 
  𝜔𝜔𝐶𝐶 is reduced frequency at a given temperature; 
  𝜔𝜔𝐶𝐶 is cross over frequency at the reference temperature; and 
  R is a rheological index. 
The reduced frequency is computed using Equation 5.2. 
𝜔𝜔𝐶𝐶 = 𝜔𝜔𝜔𝜔10log𝐶𝐶(𝑇𝑇→𝑇𝑇𝑟𝑟)                                                                (5.2) 
where,  
  𝜔𝜔 is test frequency (rad/s); and 
   log 𝑎𝑎(𝑇𝑇 → 𝑇𝑇𝐶𝐶) is a shift factor with respect to a reference temperature.  
Shift factors were first obtained with respect to a defining temperature using the modified 
Williams-Landel-Ferry equation as follows: 
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log 𝑎𝑎(𝑇𝑇 → 𝑇𝑇𝑑𝑑) =
−19(𝑇𝑇− 𝑇𝑇𝑑𝑑)
92+𝑇𝑇−𝑇𝑇𝑑𝑑
                                                               (5.3) 
where,  
  T is test temperature; and  
  Td is a defining temperature.  
The shift factors facilitate the horizontal movement of complex modulus against frequency plots 
at each temperature to obtain a continuous curve. The Td is unique for each binder and signals its 
temperature dependency (Christensen and Anderson, 1992). Shifting to a single reference 
temperature (Tr) of 25°C, which is used in the I-FIT, enables the comparison of the binder 
complex moduli over a wide range of frequencies. The partial master curves were shifted to the 
reference temperature using Equation 5.4 (Booshehrian et al., 2013). 
log 𝑎𝑎(𝑇𝑇 → 𝑇𝑇𝐶𝐶) = log 𝑎𝑎(𝑇𝑇 → 𝑇𝑇𝑑𝑑) − log 𝑎𝑎(𝑇𝑇𝐶𝐶 → 𝑇𝑇𝑑𝑑)                            (5.4) 
where,  
  T is test temperature; and  
log 𝑎𝑎(𝑇𝑇𝐶𝐶 → 𝑇𝑇𝑑𝑑) is a obtained by replacing T with Tr in Equation 5.3. 
A typical master curve is shown in Figure 5.1 and includes four parameters that fully 
characterize the LVE behavior of asphalt binders 
 
Figure 5.1. Typical Master Curve (Boosherian et al., 2013) 
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A decrease in crossover frequency (ωc) indicates increased hardness while an increase in the 
rheological index (R) makes the curve flatter thus indicating a gradual transition from elastic 
behavior to steady-state flow (Booshehrian et al., 2013). 
Figure 5.2 shows the partial master curves for the five binders. 
 
Figure 5.2. Partial Master Curves of the Five Binders. 
Softer binders had lower complex modulus values over the entire frequency range as was 
expected. The complex modulus values of PG 76-22 and PG 70-22 were very close over the 
entire frequency range. The same was observed in their true grades shown in Table 3.2. An 
arbitrary line A is used to illustrate differences in binder stiffness when a single set of 
temperature and frequency is used in the DSR while line B represents an equi-stiffness approach.  
The plot of the shift factors log𝑎𝑎(𝑇𝑇𝐶𝐶 → 𝑇𝑇𝑑𝑑) against temperature is shown in Figure 5.3. PG 52-40 

























explains its narrower reduced frequency range in Figure 5.1. PG 64-22, PG 70-22, and PG 76-22 
had similar shift factors thus indicating similar temperature sensitivity.  
Figure 5.3. Plot of Shift Factors for the Five Binders 
The rheological properties of the five binders are summarized in Table 5.2.  
Table 5.2. Rheological Properties of the Binders 
Binder PG 52-40 PG 58-34 PG 64-22 PG 70-22 PG 76-22 
R 2.324 1.975 1.866 2.141 2.065 
ωc at 25°C 
(rad/s) 7148.4 2276.6 258.8 90.8 89.6 
Td (°C) -26.38 -16.15 -5.66 -4.65 -7.30 
As was expected, PG 76-22 had the lowest 𝜔𝜔𝐶𝐶  indicating increased stiffness while PG 52-40 had 
the highest 𝜔𝜔𝐶𝐶  signifying reduced stiffness. Similarly, Td, which is related to the glass transition 
temperature, is lower for the softer binders, and makes them appropriate for colder regions.  
Fast fourier transform of I-FIT data was performed to determine the dominant frequency and is 
shown in Figure 5.4 for a representative specimen. Zero was the main frequency and confirms 
the monotonic loading of the I-FIT. However, this dominant frequency leads to singularity of 
























and the angular frequency of the DSR, an arbitrary value of 0.01rad/s was used in Equation 5.1 
to obtain initial complex moduli for use in computing equi-stiffness temperatures. The final 
calculated temperatures are summarized in Table 5. 3. 
 
Figure 5.4. Fast Fourier Transform of Representative I-FIT Specimen 
Initial complex modulus values were calculated using the selected frequency and are shown to 
increase with higher PG grades. PG 64-22 was selected as the reference binder since shifting was 
performed at 25°C which corresponds to the binder’s intermediate temperature as well as to the 
I-FIT test temperature. In addition, AC mixes with PG 64-22 were shown to have a constant 
crack velocity at the 50mm/min loading rate (Al Qadi et al., 2015). Equation 5.2 was used to 
calculate new shift factors after which equi-stiffness temperatures were backcalculated from 
Equation 5.3.  
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5.1.2 Temperature Equi-stiffness Testing Using I-FIT 
Specimens were conditioned and tested at the temperatures shown in Table 5.3. A dummy 
specimen with a thermocouple attached at its core was used to verify that the samples attained 
the desired temperatures within the 2hrs conditioning period. 
Table 5.3. Computation of Equi-stiffness Temperatures for the Five Binders 
Binder PG 52-40 PG 58-34 PG 64-22 PG 70-22 PG 76-22 
Initial G* 0.40 1.73 12.87 19.27 22.20 
Calculated ωr (rad/s) 0.709 0.107 0.010 0.006 0.005 
New a(T→Tr) 70.94 10.75 1.00 0.59 0.51 
Log a(T→Tr) 1.85 1.03 0.00 -0.23 -0.30 
Log a(Tr→Td) -6.81 -5.87 -4.75 -4.63 -4.94 
Log a(T→Td) -4.96 -4.84 -4.75 -4.86 -5.23 
Calculated Temp (°C) 6 15 25 27 28 
The 50mm/min loading rate was maintained and only temperature varied in this approach of 
equi-stiffness testing. The secant modulus results were then compared to the 4kN/mm for the 
control AC mix. The temperatures for each AC mix were then adjusted until the target secant 
modulus was attained and thus correspond to the equi-stiffness temperatures for the AC mixes. 
Figure 5.5 shows load against LLD curves of representative samples of PG 58-34 tested at the 
current 25°C temperature and at its equi-stiffness temperature of 13.5°C. 
 












Load Line Displacement (mm)
58 @ 25C, 50mm/min
64-22 control
58 @ 13.5C, 50mm/min
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Equi-stiffness testing generated curves that were similar to that of the control as shown in Figure 
5.5. Four replicates were then tested at the selected equi-stiffness temperatures that yielded 
similar secant modulus values to the control. Table 5.4 shows the actual equi-stiffness 
temperatures for the five AC mixes. The actual equi-stiffness temperatures were very close to the 
computed values. Results from the equi-stiffness temperature approach are combined with those 
from the equi-stiffness loading rate method and are summarized in Figure 5.10.  
Table 5.4. Equi-stiffness Temperatures for the Five Mixes 
PG  Unaged Temperature 
Calculated Actual 
52-40 6 4.5 
58-34 15 13.5 
64-22 25 25 
70-22 27 26 
76-22 28 27.5 
5.2 LOADING RATE BASED EQUI-STIFFNESS APPROACH 
A trial and error approach was used to establish equi-stiffness loading rates becasue there is no 
known relationship between the sinusoidal loading in the DSR and the monotonic loading of the 
I-FIT.  
Changing the loading rate alone without adjusting the sampling (data acquisition) frequency 
affected the shape of the curves and subsequently the secant modulus as shown in Figure 5.6. 
 


















Baseline I-FIT results were obtained at 50mm/min loading rate and a sampling frequency of 
20Hz (a point every 0.05 sec) which generated approximately 200 data points. Increasing the 
loading rate to 300mm/min while maintaining the sampling frequency, generated only 40 data 
points. Figure 5.6 shows the curve starting at a higher load and led to a lower secant modulus. At 
320mm/min and 200Hz sampling frequency, about 340 data points were collected thus enabling 
the entire shape of the curve to be captured. In contrast, reducing the loading rate to about 
10mm/min for the stiffer mixes while maintaining the data acquisition frequency at 20Hz, 
generated over 2500 data points and resulted in an increase in the secant modulus. Therefore, to 
minimize errors and enable accurate comparisons, the ratio of the baseline sampling frequency 
(20Hz) to its loading rate (50mm/min) of 0.4 was used to calculate new sampling frequencies for 
the different loading rates. Figure 5.7 shows representative sample of PG 76-22 that yielded the 
same secant modulus as that of the reference AC mix. Similar to equi-stiffness temperature 
method, the loading rate approach generates curves that match that of the control.  
 
Figure 5.7. Rate Equi-stiffness Load vs LLD for PG 76-22 
PG 52-40 could not yield the desired secant modulus using the loading rate approach alone. It 
was tested at 600mm/min and resulted in a secant modulus of 2.5kN/mm which is much lower 
than the target 4kN/mm. Therefore, a different approach that lowered the test temperature to 
20°C while increasing the loading rate was tried and the plot of the load against LLD is shown in 



















still lower than the target value. An equi-stiffness loading rate for this mix could not be 
determined. 
Results of the two equi-stiffness approaches are summarized in Figure 5.10. The two methods 
yielded similar FE, strength, and peak loads for PG 70-22 and PG 76-22. In contrast, equi-
stiffness loading rate generated lower FE, strength, post peak slope, and peak load for PG 58-34. 
 
Figure 5.8. Load vs LLD for PG 58-34 at 20°C and 600mm/min 
All the specimens were tested at secant modulus values between 3.9 – 4.1kN/mm, as shown in 
Figure 5.10. This resulted in a narrower range of FI values, Figure 5.10d. Temperature and rate 
approaches yielded comparable FI values for all AC mixes.  
In addition, equi-stiffness testing of PG 52-40 and PG 58-34 contrasted to baseline values in 
Figure 4.2 show the FE increased by over 700J/m2, the strength more than doubled, and the slope 
significantly increased in excess of 1.4 which led to a drastic decline in FI values. PG 70-22 and 
PG 76-22 had slight reduction, of more than 200J/m2, in FE, and strength decline of 60kPa. The 
former had a reduction of 0.7 in its post peak slope which improved its FI while the latter’s slope 
was unchanged. but had a reduced FI because of a lower FE.    
5.3 STATISTICAL ANALYSIS OF EQUI-STIFFNESS FI VALUES 
ANOVA was performed on FI values obtained using the two approaches to determine whether 
the means for the five binder grades were significantly different. A significance level (α) of 0.05 


















which indicates the FI values followed a normal distribution. In addition, the equality of 
variances assumption required for ANOVA was satisfied based on the p-value of 0.336 obtained 
from the Levene test. The ANOVA results are summarized in Table 5.5. 
Table 5.5. ANOVA Results of Equi-stiffness FI Values 
ANOVA       
Source of Variation SS df MS F P-value F crit 
Between Groups 21.51981 7 3.074258 0.363284 0.915558 2.373208 
Within Groups 228.4854 27 8.462421    
       
Total 250.0052 34         
Based on the obtained p-value of 0.92, Table 5.5, it is concluded that at a significance level of 
0.05, there is insufficient evidence to suggest that the mean FI values are different. 
5.4 FRAMEWORK FOR ESTABLISHING FI THRESHOLDS FOR UNAGED SPECIMENS 
Equi-stiffness testing of unaged specimens resulted in a narrower range of FI values. This 
observation is exploited for use in establishing thresholds based on conventional I-FIT testing. 
Figure 5.9 shows the decision tree of the procedure. Baseline FI values are obtained for unaged 
specimens by testing at 25°C and 50mm/min. A control AC mix (PG 64-22) with 
known/desirable cracking resistance is selected. Its secant modulus and FI are used as a target for 
equi-stiffness testing. FI results obtained from testing at the same secant modulus are then 
compared to the control’s FI threshold. If the criterion is satisfied, then the baseline FI value for 
a particular binder grade is adopted as a threshold when running the conventional I-FIT. The 
procedure may be repeated for other binder grades to identify the corresponding FI theshold.  
5.5 SUMMARY 
Two equi-stiffness approaches were used to evaluate the cracking potential of five AC mixes. 
The secant modulus of AC mix containing PG 64-22 was selected as the target value. 
Temperatures or loading rates were varied to attain this target secant modulus. Varying the 
loading rate is preferred if an I-FIT equipment allows various loading rates and data collection 
frequencies. This is because specimens having different binder grades may be conditioned 
simultaneously at 25°C. The two approaches yielded similar results, the FI range is 13.5 ± 1.3. 




A framework for establishing FI thresholds for unaged specimens using the current I-FIT 
temperature and loading rate is presented. It requires testing at the same secant modulus to obtain 
the FI threshold for a different binder at 25°C and 50mm/min. 
Is 
secant = Target ± 0.1
(Ex., 4± 0.1 kN/mm)
Is FI acceptable (>12)
E.x., 12.9 for PG 58-34, 
& 12.2 for PG 70-22 
Set FI threshold per 
AASHTO TP 124
Control=12





Ex., Control: PG 64-22 with 
FI=12; Secant=4


















Figure 5.10. Average Equi-stiffness Results a) FE; b) Strength; c) Slope; d) FI; e) Peak 






































































































































a)                                      b) 
e)                                      f) 
c)                                      d) 
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CHAPTER 6: EQUI-STIFFNESS TESTING OF AGED SPECIMENS 
This chapters discusses testing of long-term aged specimens using I-FIT, in accordance with 
AASHTO TP-124, as well as an equi-stiffness approach.  
6.1 TESTING LONG-TERM AGED SPECIMENS USING CURRENT I-FIT PARAMETERS 
Baseline I-FIT results for long-term aged specimens were obtained at 25°C and 50mm/min. 
Figure 6.1 shows the decrease in baseline FI with aging. The softer binders had higher FI 
reduction due to aging than their stiffer counterparts.  
 
Figure 6.1. Change in Baseline FI Values for AC Mixes over Aging Time 
IDOT proposes FI of 4 for long-term aged specimens (Al-Qadi et al., 2019). The aging requires 
three days in forced-darft oven at 95°C. Based on the trends shown in Figure 6.1, softer binders 
such as PG 58-34 would require unaged FI values significantly higher than the current IDOT 
threshold of 8 in order to satisfy the proposed threshold of 4 after aging. The challenge, 
therefore, is that the comparison between baseline unaged and aged FI results is confounded by 
differences in AC stiffnesses in addition to aging. Figure 6.2 shows the secant moduli for the 
unaged and long-term aged specimens tested using the current I-FIT procedure. Long-term aging 
increased the secant moduli of the AC mixes and led to decrease in FI. Equi-stiffness testing 
using temperature or loading rate would minimize this impact and allows for proper comparison 



























Figure 6.2. Secant Moduli for Baseline Unaged and Long-Term Aged Specimens 
6.2 LOADING RATE EQUI-STIFFNESS TESTING OF LONG-TERM AGED SPECIMENS 
The choice to use either loading rate equi-stiffness approach or the temperature equi-stiffness 
method depends on loading equipment capabilities. Equi-stiffness loading rate approach is 
preferred if feasible; it is faster and allows conditioning of specimens in the same water bath at 
25°C. In addition, it is easier to determine equi-stiffness loading rates through trial and error as 
opposed to the temperature approach. The loading rate method was thus adopted for testing aged 
specimens.  
Volumetrics were determined for the I-FIT specimens prior to aging at 95°C for 3days in the 
forced draft oven. The specimen dimensions (ligament, thickness, and notch) were measured 
after aging. The specimens were then conditioned in a water bath at 25°C and then tested using 
the Interlaken machine. Loading rates were determined to maintain the 4kN/mm secant modulus 
used for unaged specimen and thus serve the following two purposes: 1) It enables equi-stiffness 
testing of aged specimens and eliminates disparities in FI results due to differences in AC 
moduli. 2) It links the equi-stiffness testing of unaged and aged specimens since they were both 
evaluated at the same secant modulus. This facilitates accurate comparison of cracking potential 
and FI degradation after aging. Testing at the same secant modulus captured the impact of aging 
on the fracture properties of the five AC mixes as shown in Figure 6.5. The FE, strength, and 





































52-40 and PG 58-34. The post peak slope of the former declined by 0.9 while the latter had a 0.1 
reduction. As a result, only PG 52-40 had an unexpected increase in FI after aging. 
Figure 6.3 shows the change in FI curves for the five AC mixes during aging.  
 
Figure 6.3. Change in FI Values for AC Mixes over Aging Time 
PG 64-22, PG 70-22, and PG 76-22 had almost parallel decay curves, which indicates 
comparable sensitivity to aging. Figure 5.3 showed similar temperature sensitivity for these 
binders. The polymer in PG 52-40, which is used to achieve the low temperature grade, is likely 
responsible for the increase in FI after aging. In contrast, the polymers in PG 70-22 and PG 76-
22, which are used to improve rutting resistance, did not improve FI after aging when compared 
to unmodified binders, PG 64-22 and PG 58-34. 58-34 had lower sensitivity to aging which is 
desirable in preventing pavement cracking.    
Table 6.1 summarizes the test parameters used for the unaged and aged specimens. 
Table 6.1. I-FIT Parameters for Equi-stiffness Testing 
PG  
Unaged Temperature Loading rate @ 25°C 
Calculated Actual Unaged Aged 
52-40 6 4.5 N/A 320 
58-34 15 13.5 320 100 
64-22 25 25 50 9 
70-22 27 26 30 3.5 
























The calculated temperatures were obtained from Table 5.3. The actual temperatures were all 
slightly lower than the calculated values. The loading rates for the aged specimens were lower 
than for their unaged counterparts. As previously mentioned, equi-stiffness loading rate for 
unaged PG 52-40 could not be determined.  
Figure 6.4 shows the correlation between equi-stiffness loading rates and calculated equi-
stiffness temperature.  
 
Figure 6.4. Linear Regression of Equi-stiffness Loading and Calculated Equi-stiffness 
Temperature 
The calculated equi-stiffness temperatures can easily be determined from frequency sweep 
testing of the binders as discussed in section 5.2. It was therefore used as the independent 
variable in the simple linear regression. The equi-stiffness loading rates for unaged and aged 
specimens yielded similar coefficient of determination (R2) of 0.98 indicating a strong linear 
correlation to the calculated equi-stiffness temperatures.  
6.3 FRAMEWORK FOR ESTABLISHING FI THRESHOLDS FOR LONG-TERM AGED 
SPECIMENS 
A procedure similar to that used for developing thresholds for unaged specimens is adopted 
herein. Equi-stiffness testing of long-term aged specimens, however, did not yield a narrower FI 
range as was the case with unaged specimens. Therefore, the threshold for equi-stiffness testing 




y = -23.93x + 673.44
R² = 0.98


































testing. Figure 6.6 summarizes the entire procedure. Once the equi-stiffness FI threshold for 
long-term aged specimens is satisfied, the FI values from testing at 25°C and 50mm/min are 
adopted (after interpolation). These values, therefore, serve as the conventional FI thresholds for 
each binder grade after long-term aging.  
6.4 SUMMARY 
I-FIT specimens of the five AC mixes were aged in a forced-draft oven at 95°C for three days to 
simulate long-term aging in the field. Baseline I-FIT results were obtained in accordance with 
AASHTO TP-124. Softer binders showed higher FI reduction with aging than their stiffer 
counterparts. Comparison of baseline FI values of unaged and long-term aged specimens show a 
reduction in the spread of values (though not converging) after aging. However, secant moduli 
generally proportionally increase with binder grade and aging. This confounds the comparisons 
between these two baseline results. 
Equi-stiffness loading rate approach was selected herein because of availability of an equipment 
that would allow varying both loading rate and data acquisition frequency. The variation in FI is 
higher for aged specimens. Three AC mixes with the same low temperature grade (PG 64-22, PG 
70-22, and PG 76-22) showed parallel FI degradation curves with aging. Such behavior indicates 
comparable sensitivity to aging. AC mixes with softer binders had higher FI values after aging 
compared to those containing stiffer binders. It is therefore likely that the low temperature grade 
of a binder influences its equi-stiffness FI results after aging. 
A framework for establishing FI thresholds for long-term aged specimens having different 
binders, using the AASHTO TP-124 I-FIT, is presented. It requires testing specimens at the same 
secant modulus and compare the FIs. Upon satisfying the equi-stiffness moduli, the conventional 




Figure 6.5. Average Equi-stiffness Results for Unaged and Aged: a)FE; b)Strength; c) Post Peak 




secant = Target ± 0.1
(Ex., 4± 0.1 kN/mm)
Is FI acceptable (>6*)
E.x., 10.6 for PG 58-34, 
& 7.0 for PG 76-22 
Set FI threshold per 
AASHTO TP 124





Ex., FI=9.8 for PG 58-34 












* FI criterion = 50% of 
Unaged criterion
  
Figure 6.6. Framework for Setting Thresholds for Long-Term Aged Specimens 
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CHAPTER 7: SUMMARY, FINDINGS, AND RECOMMENDATIONS 
A summary alongside major findings of the study, conclusions, and recommendations for further 
research are presented in this chapter. 
7.1 SUMMARY 
Virgin asphalt binders in AC are selected based on location and traffic. If the latter is considered 
the same, then climatic conditions dictate binder choice. PG 58-28 would be used in cold areas, 
while PG 70-22 would be appropriate for warm locations. Current I-FIT, AASHTO TP-124, 
would yield dissimilar FI values for AC mixes with similar mix characteristics but using two 
different binders. PG 58-28 is expected to have a higher unaged FI than PG 70-22. This, 
however, does not necessarily imply that softer binder is less susceptible to cracking than the 
stiffer one; it depends on vehicular and environmental loading. IDOT uses FI threshold of eight 
for unaged specimens and proposes a threshold of four for long-term aged specimens. Several 
plant-produced AC mixes may satisfy the unaged FI threshold criterion; but fail that for long-
term aging and vice versa. 
The goal of this thesis was to minimize the impact of binder grade on FI results. Testing at the 
same secant modulus isolates this impact for both the unaged and aged specimens. Two 
approaches, using various test temperatures or loading rates, were investigated. Five laboratory-
designed AC mixes with the same aggregate skeleton and binder content but having different 
binder grades were tested. Three of the AC mixes evaluated contained PG 64-22, PG 70-22, and 
PG 76-22 binders, commonly used in Illinois and other neighboring states. In addition, a fourth 
AC mix with a PG 58-34 binder, which is often used in northern U.S and in parts of Canada, was 
used. Finally, AC containing PG 52-40, which is primarily used in colder provinces of Canada, 
was tested.  
7.2 MAJOR FINDINGS 
PG 64-22 was selected as the control mix. In an earlier study, ICT showed a constant crack 
velocity for AC mixes with PG 64-22 tested at 50mm/min loading rate. The key lessons learned 




• Current I-FIT procedure (AASHTO TP-124) resulted in increasing FE, strength, and 
secant modulus with higher (stiffer) PG grades. In contrast, the FI decreased as the binder 
got stiffer, except for PG 76-22, which had higher FI than PG 64-22 and PG 70-22 
binders. PG 52-40 had the highest FI of 53.6, while PG 70-22 had the lowest FI of 9.9. 
• A secant modulus of 4kN/mm (target) may be reached by either varying test temperature 
or loading rate. Adjusting the latter, without changing the data acquisition frequency 
(sampling rate), impacted the obtained secant modulus because it was affected by the 
number of data points collected. Current I-FIT (AASHTO TP-124) procedure has a ratio 
of sampling frequency (20Hz) to loading rate (50mm/min) of 0.4. This ratio was 
maintained for all applied loading rates.  
• Changing loading rate (approach) was used to test long-term aged specimens; I-FIT 
specimens were placed in a forced-draft oven at 95°C for three days. This approach 
requires an equipment capable of varying both loading rate and data acquisition 
frequency. The FI decreased with aging, except for PG 52-40. The FI showed similar 
temperature sensitivity before and after aging for PG 64-22, PG 70-22, and PG 76-22; PG 
58-34 showed a gradual FI decline.  
7.3 CONCLUSIONS 
This study presents a method to identify an AC mix FI threshold that corresponds to a specific 
climatic condition (based on the binder grade used). The FI threshold, determined in accordance 
with AASHTO TP-124, can be determined for various climatic regions by conducting an I-FIT 
for any AC mix at the same secant modulus (equi-stiffness) as that of a predefined control mix. 
This approach may also provide a proxy to balanced mix design; a high strength AC mix 
suggests resistance to rutting. A relatively high secant modulus, 4kN/mm, was used in this study, 
which yielded high strength for each of the five AC mixes considered. Two approaches are 
proposed to achieve similar AC secant modulus: through varying the I-FIT loading rate or 
temperature. The first approach (loading rate variation) yielded consistent FI values compared to 
the second approach (temperature variation). The variation in FI values increased with AC aging, 




Equi-stiffness testing provides a valuable tool for establishing FI thresholds for AC mixes having 
different binder grades by isolating the impact of asphalt binders. The target secant modulus 
highly impacts the FI. Therefore, a minimum equi-stiffness secant modulus of 4kN/mm is 
recommended. In addition, data acquisition frequency significantly influences the secant 
modulus values. Hence, a minimum ratio of sampling frequency to loading rate of 0.4 is 
proposed. This is based on a 20Hz data acquisition frequency, used in most commercially 
available I-FIT machines, and the current loading rate of 50mm/min. Finally, performing I-FIT 
on various AC mixes at the same secant modulus may allow determining the effect of air void 
content on IF values. Hence, field cores could be tested at same secant modulus as that of 
laboratory-compacted specimens to improve correlation of lab-produced AC mixes to pavement 
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APPENDIX A: UNAGED BASELINE FIs 
Table A.1. Baseline I-FIT Results for the Control PG 64-22 
 
Table A.2. Baseline I-FIT Results for PG 52-40 
 
Table A.3. Baseline I-FIT Results for PG 58-34 
 















Thesis 64#A1 8.63 -2.90 2503.66 69.48 4.20 3.59
Thesis 64#A2 8.59 -3.09 2653.63 69.54 4.14 3.58
Thesis 64#A3 14.50 -1.95 2827.70 68.22 4.16 3.51
Thesis 64#A4 16.70 -1.60 2671.79 64.40 3.62 3.38
Thesis 64#A5 16.73 -1.71 2860.60 63.38 3.80 3.51
Thesis 64#A6 12.82 -2.15 2756.48 69.07 4.26 3.61















Thesis 52#A1 63.98 -0.28 1791.45 20.11 0.69 1.05
Thesis 52#A2 41.89 -0.36 1508.12 19.14 0.61 0.99
Thesis 52#A3 61.21 -0.29 1775.12 22.06 0.72 1.15
Thesis 52#A4 47.24 -0.36 1700.78 23.51 0.93 1.22















Thesis 58#A1 35.89 -0.47 1686.82 27.43 1.48 1.43
Thesis 58#A2 22.90 -0.77 1763.30 34.19 1.46 1.75
Thesis 58#A3 23.72 -0.81 1921.60 35.17 1.53 1.82
Thesis 58#A4 18.59 -0.94 1747.10 36.63 1.77 1.88














Thesis 70#A1 13.30 -2.77 3682.92 78.54 4.55 4.01
Thesis 70#A2 11.67 -3.12 3640.30 84.44 4.96 4.29
Thesis 70#A3 7.63 -3.44 2623.42 83.52 4.27 5.97
Thesis 70#A4 7.13 -3.85 2744.85 86.80 4.36 5.24





































Thesis 76#A1 17.27 -2.29 3954.81 86.72 5.39 4.40
Thesis 76#A2 10.36 -3.23 3346.28 86.92 4.66 4.48
Thesis 76#A3 14.07 -2.48 3489.49 88.47 5.34 4.46
Thesis 76#A4 16.98 -2.11 3583.04 83.17 4.26 4.27




APPENDIX B: TEMPERATURE MODIFIED FIs FOR UNAGED SPECIMENS 
Table B.1. Temperature Equi-stiffness Results for Unaged PG 52-40 
 
Table B.2. Temperature Equi-stiffness Results for Unaged PG 58-34 
 
Table B.3. Temperature Equi-stiffness Results for Unaged PG 70-22 
 





















52#B1 14.46 -2.5 3644.2 77.3 3.8 4.0 60.04 50.46
52#B2 18.81 -2.1 3912.9 84.4 3.840293e 4.3 59.22 50.22
52#B3 13.18 -2.7 3598.4 84.0 4.2 4.3 59.72 49.56
52#B4 12.68 -2.4 3094.7 72.6 3.2 3.7 58.72 50.33
52#B5 14.78 -2.5 3620.9 86.1 4.5 4.4 59.95 49.66

















58#B1 12.72 -2.2 2848.7 70.5 4.0 3.6 59.27 49.43
58#B2 13.15 -2.1 2721.8 69.9 3.8 3.5 58.53 49.45
58#B3 12.67 -2.2 2826.1 72.3 4.3 3.6 58.96 49.49
58#B4 11.58 -2.7 3091.8 78.7 4.3 4.0 59.98 49.27















70#B1 16.1 -2.0 3154.1 74.8 3.9 3.8 58.54 49.98
70#B2 11.1 -2.8 3137.8 77.0 4.2 4.0 59.66 50.21
70#B3 12.5 -2.0 2455.0 64.5 4.0 3.3 59.47 50.08
70#B4 12.0 -2.5 2947.8 78.3 4.4 4.0 59.41 50.2















76#B1 12.5 -2.4 2929.2 70.4 4.0 3.6 59.27 49.58
76#B2 14.1 -2.4 3390.7 72.6 3.8 3.7 59.16 50.18
76#B3 14.3 -2.1 3037.6 71.7 3.7 3.7 58.83 50.14
76#B4 8.4 -3.7 3052.4 83.7 4.8 4.2 59.39 49.48
Average 12.3 -2.6 3102.5 74.6 4.1 3.8
45 
 
APPENDIX C: LOADING RATE MODIFIED FIs FOR UNAGED SPECIMENS 
Table C.1. Equi-stiffness Loading Rate Results for Unaged PG 58-34 
 
 
Table C.2. Equi-stiffness Loading Rate Results for Unaged PG 70-22 
 
 


















58#C1 14.3 -1.6 2332.2 56.1 4.5 2.9 59.91 49.48
58#C2 9.0 -2.7 2376.3 60.1 3.4 3.1 59.58 49.97
58#C3 11.5 -2.4 2723.0 62.9 3.8 3.2 58.99 50.53
58#C4 16.7 -1.7 2834.5 65.6 4.8 3.4 59.74 50.53















70#C1 10.5 -2.6 2746.3 73.6 3.9 3.8 59.23 49.77
70#C2 7.9 -3.5 2748.1 77.0 4.2 4.0 59.36 50.32
70#C3 17.6 -1.9 3276.6 67.7 3.8 3.5 59.84 50.1
70#C4 12.8 -2.3 2957.2 69.6 3.9 3.6 59.58 49.99















76#C1 14.2 -2.4 3401.9 78.0 4.0 4.0 59.74 49.62
76#C2 12.8 -2.3 2958.7 71.4 4.0 3.6 59.86 49.38
76#C3 14.3 -2.3 3239.0 73.0 3.4 3.7 59.35 49.34
76#C4 9.8 -3.0 2882.0 80.2 4.6 4.1 59.39 49.74
Average 12.8 -2.5 3120.4 75.7 4.0 3.9
